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Objectives: It is currently poorly known how different structural and compositional components in
human articular cartilage are related to their speciﬁc functional properties at different stages of osteo-
arthritis (OA). The objective of this study was to characterize the structureefunction relationships of
articular cartilage obtained from osteoarthritic human hip joints.
Methods: Articular cartilage samples with their subchondral bone (n ¼ 15) were harvested during hip
replacement surgeries from human femoral necks. Stresserelaxation tests, Mankin scoring, spectroscopic
and microscopic methods were used to determine the biomechanical properties, OA grade, and the
composition and structure of the samples. In order to obtain the mechanical material parameters for
the samples, a ﬁbril-reinforced poroviscoelastic model was ﬁtted to the experimental data obtained from
the stresserelaxation experiments.
Results: The strain-dependent collagen network modulus (Eεf ) and the collagen orientation angle
exhibited a negative linear correlation (r ¼ 0.65, P < 0.01), while the permeability strain-dependency
factor (M) and the collagen content exhibited a positive linear correlation (r ¼ 0.56, P < 0.05).
The nonﬁbrillar matrix modulus (Enf) also exhibited a positive linear correlation with the proteoglycan
content (r ¼ 0.54, P < 0.05).
Conclusion: The study suggests that increased collagen orientation angle during OA primarily impairs the
collagen network and the tensile stiffness of cartilage in a strain-dependent manner, while the decreased
collagen content in OA facilitates ﬂuid ﬂow out of the tissue especially at high compressive strains. Thus,
the results provide interesting and important information of the structureefunction relationships of
human hip joint cartilage and mechanisms during the progression of OA.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The mechanical properties of articular cartilage are determined
by the content, arrangement and interactions of the tissue
constituents, i.e., the three-dimensional collagen network, proteo-
glycans (PGs) and interstitial water1. The interstitial ﬂuid pressure
contributes strongly to the tissue stiffness under instant loads.
However, under prolonged loads, ﬂuid ﬂows out of the tissue and
PGs are mainly responsible for the tissue’s compressive (equilib-
rium) stiffness. Collagen ﬁbers determine the tensile properties of
articular cartilage. In osteoarthritis (OA), there are several alter-
ations in these constituents that lead to changes in the mechanicalJ.T.A. Mäkelä, Department of
stonranta 1, POB 1627, 70211
).
s Research Society International. Pproperties of cartilage; reduction of PG and collagen content,
collagen ﬁbrillation (especially in the superﬁcial zone of articular
cartilage) and an increase in the ﬂuid content2e9. These alterations
in structure and composition lead to increased permeability,
allowing water to ﬂow out of the tissue faster, and the decreased
equilibrium and dynamic mechanical stiffness of articular cartilage.
Even though structural and compositional changes are known to
occur in OA, it is not fully understood how different components in
cartilage are related to their functional properties at different stages
of OA. Speciﬁcally, the biomechanical properties of articular carti-
lage and their relationships with the structure and composition,
especially in the human hip joint, are poorly known. Instead, many
studies of articular cartilage and OA progression are based on
animal models10e12. Furthermore, most of the studies investigating
structureefunction relationships of cartilage13e15 have applied
microscopic, spectroscopic and biomechanical methods for the
characterization of collagen and PG content, collagen orientation,ublished by Elsevier Ltd. All rights reserved.
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utilized computational models in order to obtain more speciﬁc
mechanical properties for the collagen network, PGs and ﬂuid.
There are many computational models that have been devel-
oped and applied to characterize the mechanical properties
and behavior of articular cartilage16e19, but the ﬁbril-reinforced
biphasic models are able to separate the mechanical effects of
collagen, PGs and ﬂuid in loaded articular cartilage4,18,20e24. In the
ﬁbril-reinforced models, the nonﬁbrillar matrix and ﬁbril network
moduli describe the mechanical effects of PGs and collagen, while
the permeability can be used to characterize ﬂuid ﬂow and its
changes along with alterations in void ratio during tissue
compression.
The purpose of this study was to characterize the
ﬁbril-reinforced biphasic material properties of articular cartilage
from osteoarthritic human hip joints and to investigate their rela-
tionships with tissue structure and composition. For these aims,
microscopic and spectroscopic methods were used to analyze the
composition and structure, i.e., collagen and PG content and collagen
orientation of the samples, and the biomechanical tests with
computational modeling were applied to resolve the mechanical
properties of the samples, speciﬁcally permeability, ﬁbril network
modulus and nonﬁbrillar matrix modulus. This study provides novel
information of the constituent speciﬁc functional properties of
osteoarthritic human articular cartilage, and the structureefunction
relationships of cartilage during the progression of hip joint OA.
Methods
Study protocol
Articular cartilage samples with subchondral bone (n¼ 15, from
nine patients, diameter ¼ 18 mm) were harvested from random
locations in human femoral heads during the hip replacement
operations. The samples were collected with the permission from
the National Agency for Medicolegal Affairs in Finland (permission
103/13/03/02/09). Samples were stored in Dulbecco’s Modiﬁed
Eagle Medium (DMEM) (1 g/l D-glucose, L-glutamine and phenol
red-free, Invitrogen, Paisley, UK) supplemented with 100 U/ml of
penicillin, 100 mg/ml of streptomycin (EuroClone S.p.A, Pavia, Italy)
and 2.50 mg/ml Fungizone (amphotericin-B) (Invitrogen, Paisley,
UK) in the incubator (37C) for 24 or 48 h beforemechanical testing.
Biomechanical stresserelaxation tests were conducted for the
samples and the ﬁbril-reinforced poroviscoelastic (FRPVE) ﬁnite
element model was ﬁtted to the experimental curves. Material
parameters of the cartilage samples were obtained through opti-
mization. After the biomechanical tests, the samples were pro-
cessed for microscopy and spectroscopy. Spectroscopic and
microscopic methods were used to determine the composition and
structure of the cartilage samples; Fourier Transform InfraRed
Imaging (FTIRI) was used to measure the collagen content3,6,25,26,
digital densitometry (DD) was used to measure the PG content27,28
and polarized light microscopy (PLM) was used to analyze the
collagen orientation angles29,30 of the samples. Every sample was
also given a Mankin score to represent the severity of OA31,32. More
details of each method are presented in the following subsections.
Biomechanical testing
Biomechanical stresserelaxation tests were conducted on the
cartilage-on-bone samples using a ﬂat-ended indenter (1.19 mm
diameter). Thickness of the samples was ﬁrst measured using
a high resolution ultrasound system33,34 (Clear View Ultra, Boston
Scientiﬁc Corporation, San Jose, CA, USA). The samples were then
glued on the bottom of the measuring chamber, which was thenﬁlled with Phosphate Buffered Saline (PBS). The indenter was
driven into contact with the sample surface, after which the sample
was allowed to relax forw15 min. Then stepwise stresserelaxation
tests with four steps in total, followed by a 900 s of relaxation, were
applied with a ramp rate of 100%/s and a step size of 5% of the
cartilage thickness (Fig. 1). Our preliminary tests indicated that
900 s should be enough to reach the equilibrium. It was also
consistent with the literature21,35e37. After biomechanical tests, the
samples were ﬁxed in formalin.
FRPVE model and simulations
In order to obtain optimized values of the material parameters,
the FRPVE model was ﬁtted to the experimental biomechanical
measurements using Abaqus (V6.10, Dassault Systèmes Simulia
Corp., Providence, RI) and Matlab (V7.10.0, The MathWorks, Inc.,
Natick, MA) (Fig.1). In the FRPVEmodel, articular cartilage consisted
of a viscoelastic ﬁbrillar matrix and a biphasic poroelastic, non-
ﬁbrillar matrix. The ﬁbrillar part represented the collagen network,
while the nonﬁbrillar part represented the PGs with a porous
structure ﬁlled with ﬂuid. In order to keep the modeling analysis
independent of the microscopic analysis in correlation analysis
between the mechanical and structural parameters, the FRPVE
model was assumed to be fully homogeneous through the tissue
depth, similarly as in Li et al. (1999)18 and Korhonen et al. (2003)4.
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for εf > 0 (tension), where sf and εf represent the ﬁbril stress and
strain, respectively20,21,38,39, and the mechanical properties of the
viscoelastic ﬁbrils were expressed with the initial ﬁbril network
modulus E0f , strain-dependent ﬁbril network modulus E
ε
f , and
damping coefﬁcient h. The ﬁbril stress was zero for: εf  0
(compression).
The nonﬁbrillar matrix was modeled as a Neo-Hookean poroe-
lastic material with the Young’s modulus (Enf), Poisson’s ratio (n)








where k0 is the initial permeability, M is the permeability strain-
dependency factor end e and e0 are current and initial void ratios,
respectively. More details of the model andmodel validation can be
found in earlier studies20,21,38,39.
Cartilage thicknesses in the models were based on ultrasound
measurements (Fig. 1). The ﬁnite element meshes consisted of 624
linear axisymmetric pore pressure continuum elements and the
following boundary conditions were applied: cartilage edge and
free surface were assumed to be fully permeable (zero pore pres-
sure), contact between the indenter and cartilage was assumed to
be impermeable, and cartilage-bone interface was ﬁxed in all
directions. At the axis of symmetry, lateral displacements were
prevented and ﬂuid was not allowed to ﬂow through this boundary.
In order to obtain optimized material parameters for each
sample, the FRPVE model was ﬁtted to the experimental indenta-
tion tests by minimizing the mean absolute error (<1%) between
the experimental and simulated reaction forces. The optimization
of the parameters (E0f , E
ε
f , Enf, k0 and M) was conducted by using
Fig. 1. A section of the ﬁnite element mesh from a cartilage sample of 2.3 mm in thickness (A) before loading (t ¼ 0 s) and (B) at the end of the relaxation test (t ¼ 3600 s), and
experimental stresserelaxation responses and the optimized model predictions for two different samples with Mankin scores of (C) 2.4 and (D) 8.6.
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with Abaqus. The rest of the material parameters (n ¼ 0.15 and
h ¼ 947 MPa s) were taken from the literature and kept
constant4,20,21,38.
Microscopic and spectroscopic methods
The samples ﬁxed in formalin were processed for depth-
dependent microscopic and spectroscopic analysis of tissue
composition and structure. The collagen content was estimated
with FTIRI (A PerkinElmer Spotlight 300, PerkinElmer, Shelton, CO,
USA) by integration of the amide I region (1585e1720 cm1)
(Fig. 2)3,6,25,26. PLM (Leitz Ortholux II POL, Leitz, Wetzlar,
Germany) was used to analyze the collagen orientation angles
(0 indicating the angle parallel to the cartilage surface) of the
samples (Fig. 3) based on Stokes parameters29,30. The PG content
was determined with DD from Safranin O36 stained sections using
CCD camera (SenSys, Photometrics Inc., Tucson, AZ, USA) mounted
on a light microscope (Leitz Orthoplan, Leitz, Wetzlar,
Germany)27,28 (Fig. 4). After DD, the sections were used to deter-
mine the Mankin score of the samples31,32. Sample processing and
microscopic and spectroscopic methods are presented more in
detail in Supplementary material.
Statistical analysis
Linear correlation analysis (Pearson) was used to determine the
relationships between the microscopic/spectroscopic parametersand model-derived mechanical parameters. The measured micro-
scopic and spectroscopic parameters (PG content, collagen content
and collagen orientation) were analyzed quantitatively for the
superﬁcial layer (5% of cartilage thickness) and for the entire tissue
(100% of cartilage thickness) that were then used in the correlation
analyses.
Results
TheMankin score of the samples varied from2 to11. Degeneration
of the cartilage samples caused distinct depth-dependent alterations
in all of the spectroscopic and microscopic parameters (Figs. 2e4);
lowering the collagen and PG content throughout tissue depth and
increasing the collagen orientation angle (0 indicating the angle
parallel to the cartilage surface) in the superﬁcial andmiddle zones of
the samples. Signiﬁcant linear correlations were found between the
Mankin score and all structural parameters of the superﬁcial tissue;
r ¼ 0.64, P ¼ 0.010 with the collagen content, r ¼ 0.55, P ¼ 0.03
with the PG content, r ¼ 0.58, P ¼ 0.02 with the collagen orientation
and r ¼ 0.64, P ¼ 0.011 with the sample thickness.
The FRPVE model could successfully simulate the performed
indentation tests with an average correlation coefﬁcient of 0.99 and
a mean absolute error of 0.5% between the experimental and
computational curves [Fig. 1(C and D)]. The optimized material
parameters of the FRPVE models, shown in Table I, showed a large
variation. Interestingly, the strain-dependent collagen ﬁbril
network modulus, Eεf , was very low, at most 2 MPa. Low values of
the ﬁbril network and nonﬁbrillar matrix moduli and high
Fig. 2. Amide I absorption maps (A, B) and proﬁles (C), i.e., an estimation of the collagen content, measured with FTIRI. Mankin scores of the samples were (A) 2.4 and (B) 8.6.
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more homogenously distributed maximum principal stresses and
pore pressures (Fig. 5).
Signiﬁcant linear correlations were found between different
FRPVE model and spectroscopic and microscopic parameters of the
superﬁcial tissue (Table II, Fig. 6). Speciﬁcally, the strain-dependent
ﬁbril network modulus, Eεf , exhibited a negative linear correlation
with the collagen orientation angle (r¼0.65, P¼ 0.009) [Fig. 6(A),
Table II], while the permeability strain-dependency factor,
M, exhibited a positive linear correlation with the collagen content
(r ¼ 0.56, P ¼ 0.03) [Table II, Fig. 6(B)]. The nonﬁbrillar matrix
modulus, Enf, also exhibited a positive linear correlationwith the PG
content (r ¼ 0.54, P ¼ 0.04) (Table II).
Discussion
This was the ﬁrst study where the FRPVE model, mechanical
testing, microscopic and spectroscopic techniques were combined
to investigate the relationships between model-derived functional
properties and structure of articular cartilage obtained from oste-
oarthritic human hip joints. Furthermore, the constituent speciﬁc
(collagen, PGs, ﬂuid) mechanical parameters were deﬁned for the
ﬁrst time for osteoarthritic human cartilage. The most important
ﬁndings indicated that, during the progression of OA, the reduced
collagen content altered ﬂuid ﬂow and pressurization of cartilage in
a depth-dependent manner, while the increased collagen orienta-
tion angle (0 indicating the angle parallel to the cartilage surface)
impaired the strain-dependent collagen ﬁbril and tensile stiffness
of the tissue.One of the most interesting results was the positive correlation
between the collagen content and the permeability strain-
dependency factor (M). This suggests that dense packing of the
collagen ﬁbrils impairs the ﬂuid ﬂow out from the tissue during
tissue compression, reducing the permeability faster as a function
of strain in the normal samples with more collagen4,21,40. On the
other hand, M approached zero in severely osteoarthritic samples,
indicating that due to the loose packing of the collagen, ﬂuid ﬂow
out from the tissue was not affected by compressive strain. This
further suggests that the nonlinear response of cartilage to loading
and increase in resistance to instantaneous loading as a function of
strain (as a result of nonlinear permeability and subsequent
increase in ﬂuid pressure) are much weaker in OA cartilage than
normal, healthy tissue in a hip joint. An implication of this might be
that weakened articular cartilage collagen impairs the ability of
cartilage for ﬂuid pressurization and ﬂuid load support41, which
leads to a weakened tissue response under impact loading andmay
accelerate the progression of OA. Increased compressive strains
could also lead to increased cell death and damage in deeper layers
of cartilage as well as in the cartilageebone interface and sub-
chondral bone.
Consistent with former observations4,21,42, the PG content
correlated positively and signiﬁcantly with the nonﬁbrillar matrix
modulus, Enf. This supports earlier studies which indicate that PGs
contribute considerably to the compressive strength of the tissue,
i.e., low values of the nonﬁbrillar matrix modulus were indicative of
the reduced PG content in OA cartilage.
The strain-dependent collagen network modulus, Eεf , correlated
negatively with the collagen orientation angle (0 indicating the
Fig. 3. Collagen orientation angle maps (A, B) and proﬁles (C), measured with PLM. Mankin scores of the samples were (A) 2.4 and (B) 8.6.
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found between Eεf and the collagen content. This indicates that
ﬁbrillation of the superﬁcial zone collagens or wear during OA is
much more dominant factor than is the collagen content to
modulate the tensile stiffness of cartilage. When the tangentially
oriented collagens ﬁbrillate and lose their organization, the stiff-
ness of the collagen ﬁbril network is reduced and cartilage loses its
ability to resist tensile stresses. This is speciﬁcally accentuated with
increasing strain, as indicated by Eεf . Then in turn, an even greater
amount of collagenwould have no signiﬁcant inﬂuence on the ﬁbril
network stiffness in tangential direction under subsequential
loadings.
The literature is lacking the information of the ﬁbril-reinforced
biphasic mechanical properties of human OA articular cartilage,
especially those for a hip joint. The initial permeability k0, perme-
ability strain-dependency factor M, initial collagen network
modulus E0f and nonﬁbrillar matrix modulus Enf obtained from this
study were in agreement with previous studies conducted for
bovine4,17,21,43 and ovine24 cartilage. However, the strain-
dependent collagen network modulus, Eεf , was very low (Table I).
In other studies, the values have been two to three orders of
magnitude higher4,21,39,43. In healthy cartilage, the collagen ﬁbril
network stiffening, nonlinear stressestrain response and increase
in the dynamic modulus (as a function of strain) are well docu-
mented20,43,44. In the present study, the samples with high Mankin
scores and ﬁbrillated collagen experienced almost negligible tensile
stiffening, i.e., the Eεf was close to zero. The samples that were
relatively healthy (Mankin score 2) which also contained all theother material parameters close to the literature values, still had
low values of Eεf . This suggests that collagen straightening, that has
traditionally been suggested to cause tensile stiffening in many soft
tissues45,46, is not that important phenomenon in osteoarthritic
human hip cartilage. It is also possible that relatively healthy tissue
had straightened collagen ﬁbrils already at rest, which is supported
by a thick layer of tangentially oriented ﬁbrils in the superﬁcial
tissue (Fig. 3). Since indentation is controlled primarily by the
superﬁcial layers, tissue compression may have caused a linear
stressestrain response and an almost constant, strain-independent
ﬁbril network modulus.
Indentation testing was chosen because the technique is highly
sensitive to reveal alterations in the properties of the superﬁcial
layers of cartilage. This was supported by the present results in
which the structural parameters determined for the superﬁcial
tissue (5% of cartilage thickness) correlated signiﬁcantly with the
mechanical properties of the tissue. The most distinguishable
structural parameter was the collagen orientation angle, which
changed only in the superﬁcial/intermediate tissue layers during
the progression of OA (Fig. 3). Similar ﬁndings for the collagen
orientation angle have been demonstrated earlier3,47.
Structureefunction relationships were also analyzed with the
structural values calculated for the entire tissue thickness. In those
analyses, all signiﬁcant correlations disappeared. This supports the
importance of the superﬁcial cartilage layer on indentation
response, as also shown before48,49.
The FRPVE model successfully simulated the experimental
indentation tests (the mean absolute error between the model and
Fig. 4. Microscopy images (A, B) and proﬁles (C) of safranin O stained sections, i.e., estimate of the PG content, measured with DD. Mankin scores of the samples were (A) 2.4 and (B)
8.6.
J.T.A. Mäkelä et al. / Osteoarthritis and Cartilage 20 (2012) 1268e1277 1273experiment was 0.5%). Every optimized parameter had a different
inﬂuence on the stresserelaxation response and the optimization
process was performed with different initial values, but produced
the same results. A parametric analysis of the effect of the model
parameters has also been shown earlier, and the same parameters
as optimized here have also been successfully optimized in earlier
studies20,21. Thus, we believe that unique material parameters were
obtained from each optimization.
Uniqueness in the determination of the optimized material
parameters was further assured by taking the damping coefﬁcient
of the collagen ﬁbrils directly from the literature4,20,21. The same
parameter was also ﬁxed in an earlier study in which the FRPVE
model was ﬁtted to the experimental stresserelaxation responses
of healthy bovine cartilage21. However, as there is no information
about the damping coefﬁcient of the ﬁbrils (h) for human cartilage,
this means that our chosen value could be inaccurate. In order to
assure ourselves on the accuracy of the value for h that we selected,Table I





Mean  std 0.59  0.48 0.61  0.61
Min 0.03 0.01
E0f is the initial collagen network modulus, E
ε
f the strain-dependent collagen network m
permeability strain-dependency factor.we tested the effect of the damping coefﬁcient on the optimized
values of material parameters, especially concentrating on the
low values of the strain-dependent collagen network modulus
Eεf . Depending on the sample, changing h by one order of magnitude
could approximately double Eεf , leaving it still very low.
Another parameter that was kept constant for assuring the
uniqueness of the material parameters was the Poisson’s ratio. In
the FRPVEmodel the Poisson’s ratio represents only the nonﬁbrillar
matrix20, while the effective Poisson’s ratio of the whole cartilage
tissue is strongly controlled by the stiffness of the collagen network
in the model50e53. The chosen value of 0.15 has been used before in
the FRPVE modeling studies20, and sensitivity test showed that
variations between 0.05 and 0.25 did not have substantial effect on
the model result.
In order to keep the structural analysis independent of the
biomechanical analysis, the depth-dependent properties of the
cartilage, e.g., collagen or PGs, were not implemented in the ﬁniteparameters
Enf (MPa) k0 (1015 m4/Ns) M
0.90 10.98 50.54
0.23  0.22 3.66  2.86 17.26  14.64
0.02 0.82 0.50
odulus, Enf the nonﬁbrillar matrix modulus, k0 the initial permeability and M the
Fig. 5. Maximum principal stress (left) and pore pressure (right) distributions in two cartilage samples. Mankin scores of the samples were (A) 2.4 and (B) 8.6. The distributions
were analyzed from the beginning of the fourth or last stresserelaxation period. For clarity, the ﬁgures have different size scales.
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affected the optimized material parameters. We tested the depth-
dependent collagen orientation on the model response. By imple-
menting the collagen orientation in the superﬁcial, middle and
deep zones as parallel to the cartilage surface, random, and
perpendicular to the cartilage surface, respectively, Eεf could be
about 10 times bigger than presented in Table I. This valuewould be
comparable with healthy bovine tibial cartilage (24 MPa)21, which
is known to be less stiff under impact or dynamic loading. However,
as mentioned before, the depth-dependent collagen orientation,
collagen content and PG content were not implemented in the
models because they would have made the modeling analysis
dependent on the structural analysis. Now, all the analyses were
independent of each other, making the correlation analysis
reasonable. For the analysis of the mechanical response of cartilage
solely based on tissue structure and composition, as has been done
recently35,58, implementation of the collagen and PG distributions
and amounts would become necessary.
For this study, we did not measure the mechanical behavior of
cartilage in a depth-dependent manner. Instead, the goal of this
study was to characterize the ﬁbril-reinforced poroelastic material
properties for osteoarthritic human cartilage and investigate their
relationships with tissue structure and composition. Indentation is
also possible to conduct for diagnostical purposes and here it
clearly indicated with the model certain structural changes in OA,
especially those in the superﬁcial tissue layers. In the future, it
would be interesting to measure local tissue strains and stresses of
diseased cartilage and compare those to the depth-dependent
tissue structure and composition50,54e57.Table II
Linear correlation coefﬁcients between the structural (superﬁcial layer, 5% of carti-
lage thickness) and mechanical parameters
E0f E
ε
f Enf k0 M
Collagen content 0.33 0.16 0.28 0.10 0.56*
PG content 0.38 0.01 0.54* 0.19 0.23
Collagen orientation 0.20 0.65y 0.22 0.03 0.23
E0f is the initial collagen network modulus, E
ε
f the strain-dependent collagen
network modulus, Enf the nonﬁbrillar matrix modulus, k0 the initial permeability
and M the permeability strain-dependency factor.
* P < 0.05.
y P < 0.01.There has been debate about scoring systems, speciﬁcally in
terms of their reproducibility and the validity of theMankin scoring
for OA cartilage has been questioned59,60, and the OARSI scoring
system has been proposed to be a more valid tool61. Here Mankin
scores correlated signiﬁcantly with all structural parameters.
Safranin O staining is a part of the scoring, so the PG content and
Mankin score correlation is obvious. However, larger Mankin scores
of the tissue were consistent with a decrease in the collagen
content, a modiﬁcation in collagen orientation as well as a loss of
cartilage thickness, supporting the use and validity of this scoring
system.
One limitation in the present study was the potential escape of
PGs through the surfaces of the samples during DMEM incubation.
However, the PG content in the superﬁcial tissuewith respect to the
deep tissue across all samples was consistent with earlier studies
where human osteoarthritic cartilage samples have been used3,6,62.
This indicates that possible PG loss wasminimal. Another limitation
was that even though the relaxation time was based on our
preliminary tests and the literature21,35e37, the full equilibriumwas
not reached in higher strains for a few samples with low Mankin
scores [e.g., Fig. 1(C)]. Despite this, the FRPVEmodel simulated all of
the experimental stresserelaxation tests, and the modeling results
should not depend on whether the plateau was fully reached.
Negative correlation between the Mankin score and sample
thickness indicates cartilage wear. Cartilage thickness changed
from 2.3 mm to 0.5 mm with the increase of Mankin score from
2 to 11. Wear of the superﬁcial/middle tissue is supported by the
loss of the tangentially oriented collagen ﬁbrils (Fig. 3). Changes in
the collagen ﬁbril orientation angle in the superﬁcial tissue and
superﬁcial zone thickness have also been observed earlier3,63 in
severely degenerated human patellar cartilage. However, the
average values of sample thicknesses in Saarakkala et al. (2010)3 in
normal and advanced OA group were almost the same, 2.6 and
2.9 mm, respectively. Since the division of the samples in groups
was different in the aforementioned earlier studies and in the
present study and due to the use of different scoring systems, tissue
thicknesses can’t be compared directly. On the other hand, this
could indicate different cartilage wear in knee and hip joints.
Even though the number of samples was low (nine patients,
n ¼ 15) and there were no normal cartilage, the randomness in
collection of the samples enabled large variation in the properties
of the samples. Intra-class correlation was insigniﬁcant for all the
Fig. 6. Linear correlations between (A) the strain-dependent collagen network modulus (Eεf ) and the collagen orientation angle of the superﬁcial tissue layer, and (B) the
permeability strain-dependency factor (M) and the collagen content of the superﬁcial tissue layer. The samples from the same patient are marked with the same symbols.
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properties were not patient-speciﬁc. Only two patients had similar
structural and mechanical parameters. However, this did not have
an effect on the conclusions of this study (i.e., by removing the other
data points of patients did not change the conclusions). This was
desirable since the samples were neither used to represent patients
nor to compare between diseased and normal cartilage, but to ﬁnd
out how the structural properties modulate the model-derived
functional properties of OA cartilage.
The present study demonstrated the capability of the FRPVE
model in combination with microscopic and spectroscopic
methods to characterize the structureefunction relationships of
osteoarthritic human hip joint articular cartilage. The collagen
content and orientation as well as the PG content of the superﬁcial
tissue were shown to modulate the strain- and depth-dependent
functional properties of osteoarthritic cartilage in their
own distinct manners. Thus, the results provide important
and speciﬁc information of the strain- and depth-dependent
structureefunction relationships of human cartilage and mecha-
nisms during the progression of OA in the hip joint.Contributions
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